Serve as the human-robot interface of laparoscopic surgical robot, the master device always plays a crucial role in terms of master-slave manipulation. Growing demands of robot-assisted surgery system also warrant more rational design and optimization for the master manipulator mechanism, which turn out to be important for improving the performance of surgical operations. In this paper, a novel 9 degrees of freedom (DOFs) haptic master manipulator applied to laparoscopic surgical robots is proposed. First of all, the mechanical configuration of the serial master manipulator is presented along with its corresponding kinematic analysis. The proposed strategy can decouple the posture and position completely and to a certain extent simplify the kinematics calculations. Then a mechanism optimization index which synthesizes the global kinematic performances, the global positioning accuracy and the structure length utilization of the manipulator mechanism is introduced. Finally, an improved particle swarm optimization algorithm is proposed to find the optimal mechanism design parameters. The optimization index and algorithm are verified by comparing the optimized parameters with the initial settings. Theoretical analysis and optimization results have demonstrated that the master manipulator can achieve better kinematic performances while maintaining 6 dimensions force feedback.
I. INTRODUCTION
Robot-assisted minimal invasive surgery (RMIS), which is famous for its precise position, dexterity enhancement and high success rate in complex surgery, has been greatly developed during the past few years [1] - [4] . The minimally invasive surgical robot can bring the surgeons dexterous instrument control, shorten operation time and reduce the operation risk [5] - [7] . As the human-robot interactive interface of RMIS, the master manipulator is supposed to deliver the surgeon's operations to the slave robot precisely while providing the surgeon with tactile sense properly. Thus, the comfortableness of operation and the success rate of surgery rely heavily on the ergonomics and the capability of master manipulator. Based on the characteristics of RMIS, the master manipulator of laparoscopic surgical robots should have decent kinematic performances, high comfort level of The associate editor coordinating the review of this manuscript and approving it for publication was Jinguo Liu . surgical operation, and sufficient ability to implement selfbalancing and force feedback. In recent years, many master devices are designed for robot-assisted surgery systems. The most successful minimally invasive surgical robot da Vinci (produced by Intuitive Surgical Inc.) is equipped with a 8 DOFs serial robotic master manipulator [8] - [10] , which can be divided into three parts: shoulder, elbow, and wrist. Cable driven mechanism and gear transmission mechanism are both employed in the master manipulator of da Vinci. The joint axes of the wrist part intersect at one point for both simplifying the kinematics analysis process and guaranteeing that the posture of master manipulator can be adjusted flexibly and independently. Because the Touch series (formerly PHANTOM series) have compact structure and small size and can provide precise positioning input and high-fidelity force-feedback output, these haptic devices were employed as the master device of Raven-II, which is a platform for collaborative research on advances in surgical robotics [11] , [12] . Touch series are serial-link devices that have 6 DOFs and can feed 3 dimensions force back to operators. The DLR Miro-Surge (developed by the German Aerospace Center), which designed to be the expandable and useful system for multiple surgical applications, integrates Omega.7 haptic device as the master manipulator to control the slave surgical robotic arms [13] , [14] . Omega.7 (produced by Force Dimension Inc.) can offer 6 DOFs manipulability and an additional grasping DOF. The 3-RUU type parallel mechanism and triaxial concurrent mechanism are used in the Omega.7. The translational and grasping DOFs are actuated and can provide force feedback, whereas the rotatory DOFs are passive and equipped with encoders. The Sigma.7 haptic devices upgraded on the basis of Omega.7 are designed with respect to the requirements in RMIS and other medical applications [15] , [16] . The mechanical structure of Sigma.7 is similar to Omeg.7, but all DOFs of Sigma.7 are active. The Senhance surgical system (designed by TransEnterix Inc.) employs haptic handlebars as the master devises. Also, it removes the economic limitations of current robotic systems by using fully reusable instruments [17] , [18] . The haptic handlebars characterized by simple structure and small volume are capable of feeding the interaction force between instruments and patients rapidly and precisely. The REVO-I robot-assisted surgery system (produced by meerecompany Inc.) employs serial robotic arms as its master manipulators. It can seamlessly transfer a surgeon's precise hand movement to the robotic arms and make it easier for the surgeon to operate a surgical robotic system [19] , [20] . The joint axes of posture adjustment mechanism of REVO-I meet in one point, which is similar to the da Vinci robot. Sang et al. [21] developed a novel partly tendon-driven master-slave surgery robot system named MicroHand A to assist minimally invasive surgery. The master manipulator of MicroHand A is a serial robot with 7 DOFs, which can perceive the surgeon's hand motions and provide the operation force feedback. The cable-driven joints are used as positional DOFs and the axes of wrist joints intersect at a common point. Talasaz et al. [22] developed a master-slave system to explore the haptic effects in RMIS. The master console includes two haptic wands for transferring the operator's hand motions to the slave manipulators. The dual 5-bar linkage mechanisms which can realize 7 DOFs force reflection are employed in the haptic master devices. It allows for 3 translational DOFs, 3 rotational DOFs, and 1 grasping DOF. Li et al. [23] proposed an 8 DOFs haptic manipulator by using the serial-parallel mechanism. The parallel mechanism is designed to control 3 DOFs translational motion and the serial mechanism is a 4 DOFs quadruple-axial concurrent redundant mechanism designed to control three posture angles. Wisanuvej et al. [24] presented a joint-space master manipulator for highly articulated robotic instruments in single access surgery. This serial-link manipulator emulates the kinematic structure of highly flexible surgical instruments which is designed to control and use 6 active DOFs to compensate for its own weight and provide force feedback. Takahashi et al. [25] developed a master manipulator capable of operating micro neural surgical system. The haptic master manipulator is a serial robotic arm which has 3 translational DOFs and 3 rotational DOFs. The translational part and gripper are actuated by DC motors to realize self-balancing and feed the force information back. Although the master manipulators proposed in the existing studies can be used as the humanrobot interaction devices for RMIS, there are still some deficiencies need to be improved. Because the commercial master manipulators such as Omega series and Touch series are not designed for specific surgical robots, these universal haptic devices may not be appropriate for real surgical scenarios. So far, the mechanisms of haptic master manipulator generally fall into three categories: serial mechanisms, parallel mechanisms, and serial-parallel hybrid mechanisms. The parallel mechanisms and the serial-parallel hybrid mechanisms typically possess smaller workspace, complex structure, and less flexibility, which lead to a poor performance of operation in complex surgery. For serial mechanisms, the position and posture of manipulator are not completely decoupled. The pose of manipulator holding point changes with translational motion although the joints of wrist part are fixed. This undesirable coupled motion could cause certain effect on the comfortableness and intuition of operation. In addition, since all the joints of traditional serial manipulators need to be considered in the process of kinematics analysis, the derivation and calculation of the forward and inverse kinematics could be more complex. In order to increase the output torque of active joints, existing haptic devices mainly use gear reducer to produce a large reduction ratio. However, gear transmission mechanism with large reduction ratio will increase the friction moment of active joint, which can influence the compliance and precision of operation. Besides, the designed parameters of traditional mechanism are insufficiently optimized in most cases. Previous researches mainly concentrate on improving the kinematics characteristics of master devices used in laparoscopic surgical robots, but motion precision and structure length capacity factor are not chosen as the optimization index [23] , [26] , [27] . The optimization schemes dedicated to maximize the kinematic performances of mechanism may generally result in lower motion accuracy and smaller workspace volume. In regard to optimization method, particle swarm optimization algorithm (PSO) has been extensively applied in various parameters optimization process due to its intrinsic advantages such as simple algorithm structure, fast searching speed, and rapid convergence feature. But since the global searching ability of basic PSO is relatively poor and it sometimes end up with premature convergence, appropriate modifications should be made for balancing the local and global searching capabilities of the basic PSO algorithm [28] - [30] .
In this paper, a novel 9 DOFs serial master manipulator applied to laparoscopic surgical robot system is presented. The parallelogram mechanism and the active compensation mechanism are both employed to separate the translational motion and rotational motions of the holding point. The transmission scheme that integrates the cable-driven mechanism and the planet-gear speed reducer can further improve the compliance of the active joints. The kinematics solutions of the proposed master manipulator are derived and analyzed. A mechanism optimization index which takes the manipulability, kinematic accuracy and structure utilization efficiency of the robotic arm into account is introduced and an improved PSO with penalty term (PTPSO) is proposed to optimize the mechanism design parameters. This paper is organized as follows. In Section II, the mechanism configuration of the proposed manipulator is introduced. Section III gives the detailed kinematics analysis of the designed master manipulator. In Section IV, an improved PSO method is proposed to find the optimal mechanism structure parameters in terms of a comprehensive optimization index. Discussions and review of the proposed scheme can be found in Section V. Finally, in Section VI, the conclusion is drawn.
II. DESIGN CONCEPT AND STRUCTURE
During the process of RMIS, the slave robot typically repeats the motions of master manipulator operated by the surgeon directly. In order to meet the requirements of minimally invasive surgery, the master manipulator is supposed to possess qualities such as large workspace, decent manipulability, and the ability to achieve 3 DOFs translational motions, 3 DOFs rotational motions, and 1 DOF grasping motion. Considering the performance demands of surgical master devices, a 9 DOFs serial manipulator is designed in this paper as shown in Fig. 1 . In this section, the coupling relationship between the position and posture of traditional master manipulators is analyzed. Besides, the mechanical structure and transmission scheme of the proposed haptic device are introduced.
A. COUPLED MOTION ANALYSIS FOR THE SERIAL MASTER MANIPULATOR
In general, it is the inherent characteristics of the serial robotic arm that lead to the coupled relation between the position and posture of the endpoint of manipulator. Some existing surgical master manipulators employ multiaxial concurrent wrist mechanism to simplify the kinematics analysis. Fig. 2 shows Fig. 3 shows the changing situation of the posture of finger griper when the manipulator locates at different positions. It can be seen from Fig. 3 , for traditional master manipulators, the position changes of holding point will influence its posture. The posture of manipulator's gripper is depended on two factors: the rotation angles of wrist joints and the position of holding point. The coupled relationship between the position and posture of manipulator results in an undesirable posture change of the gripper, so that it is difficult for a surgeon to control the posture of the grippers precisely during an operation. Considering the surgical application scenarios of the master manipulators, coupled motion indeed impacts the comfortableness and intuition of the surgeon. In order to solve this problem, the master manipulator needs to be designed rationally to separate the position adjustment mechanism and the posture adjustment mechanism.
B. MECHANICAL DESIGN OF THE MASTER MANIPULATOR
Based on the application scenarios and the performance requirements of master manipulator used in laparoscopic surgical robots, the mechanical structure of the proposed manipulator needs to meet the following requirements.
(1) The manipulator should have good manipulability and its workspace shall be large enough.
(2) The manipulator should be able to adjust its position and posture actively while providing necessary force feedback.
(3) The position and posture of the holding point should be mutually independent.
(4) The friction moment of the joints should be low enough. Based on the above requirements, we designed a novel 9 DOFs serial manipulator which is composed of the position adjusting mechanism and the posture adjusting mechanism. Fig. 4 shows the basic structure of the designed 9 DOFs manipulator. In Fig. 4 , E 1 , E 2 , · · · , E 8 and M 1 , M 2 , · · · , M 8 denote the absolute encoders and the motors of 8 active joints, respectively. From Fig. 4 , we can know that the proposed manipulator is composed of shoulder, upper arm, elbow, forearm, position compensation mechanism, and wrist. For ensuring both the flexibility and comfortableness of operation, the active joints need to output certain torques to balance the gravitational torque, friction torque, inertial torque, centrifugal torque, and Coriolis torque of mechanism. Among these torques, the value of gravitational torque is much greater than others. As shown in Fig. 4 , the driving torque of elbow pitch joint needs to be large enough to balance the gravity of forearm, position compensation mechanism, and wrist. In this paper, the transmission system of elbow pitch joint synthesizes steel wire and gear reducer to get a large reduction ratio and increase the output torque, which could avoid increasing the volume and friction torque of transmission mechanism. The brake is installed on the shaft of Motor 3 to ensure the master manipulator would not fall from a height so that damage the mechanism when the power is failure. Fig. 5 shows the three dimensional model of the proposed manipulator. In Fig. 5 , A 1 , A 2 , · · · , A 8 represent the corresponding rotation axes of active joints, respectively. Also, from Fig. 5 , we can know that the position adjusting mechanism has 4 rotational DOFs and the posture adjusting mechanism has 4 rotational DOFs and 1 grasping DOF. The rotation angle of joint 7 needs to be less than 90 • to avoid the manipulator reaching the singular configuration when A 6 is coincident with A 8 and joint 5 can extend the motion range of joint 7 by rotating redundantly. Among the 9 DOFs of the designed manipulator, 8 rotational DOFs are active. The position and posture of the holding point can be adjusted respectively by the position and posture adjusting mechanism within the workspace. In order to eliminate the coupling relationship between the position and posture of the holding point, parallelogram mechanism and position compensating mechanism are used in the designed manipulator. Fig. 6 and Fig. 7 show the decoupling principles of the parallelogram mechanism and the position compensating mechanism, respectively.
We can see that from Fig. 6 , because of the structure constraint of parallelogram mechanism, link cd is always parallel to link ab during the movement of the manipulator. The mechanism can ensure that the axis A 4 is always parallel to A 1 . In Fig. 7 , ZP1, ZP2, and ZP4 respectively denote the zero references of A 1 , A 2 , and A 4 . q 1 and q 2 respectively denotes the rotational angles of A 1 and A 2 . As shown in Fig. 7 , the rotation angle of the position compensating mechanism is equal to the sum of yaw angles of the shoulder and elbow part in the opposite direction. In this way, the yaw angle of the position compensating mechanism relative to the base coordinate system will always stay fixed regardless of the motion of manipulator. Under the constraints of the parallelogram mechanism and the position compensating mechanism, the posture of wrist turns out to be independent to the position adjusting mechanism. That is, the position and posture of holding point are completely decoupled.
III. KINEMATICS ANALYSIS
In the process of RMIS, surgeon controls the slave surgical robots by operating the grippers of the master manipulator. Essentially, the master device transmits the hand motions of surgeon to the slave robots through its position and posture. In order to obtain the position and posture of the grasper, the forward kinematics solution of the master manipulator should be derived. During the course of rebuilding the masterslave mapping, the master manipulator should actively adjust its position and posture according to the position and posture of the instrument distal end, which needs to solve the inverse kinematics equations of the proposed manipulator. In addition, the kinematics equations relating joint angles to Cartesian variables are needed for operating a haptic device and optimizing the mechanical structure parameters.
A. FORWARD KINEMATICS ANALYSIS
In this paper, the direct kinematics equations of the proposed serial manipulator are derived by applying the Denavit-Hartenberg (D-H) method. The established D-H coordinate system based on the mechanical structure of the haptic device is shown in Fig. 8 . The coordinate axis Z i coincides with the rotation axis of the i-th joint. For describing the motion characteristics of the parallelogram mechanism, a virtual rotation axis and its corresponding coordinate sys-
to describe the geometrical relationship between the (i − 1)-th link and the i-th link. Table 1 shows the D-H parameters of each joint shown in Fig. 8 . Where q i represents the rotation angle relative to original position of the i-th link.
After the D-H parameters are determined, the homogenous transformation matrix of rotary and translation joint relating the (i − 1)-th link to the i-th link can be defined as follows:
According to the geometric constraint of parallelogram mechanism and the operating principle of the active compensation mechanism, we can know that q 4 = −q 3 and q 5 = −q 1 − q 2 .The transformation matrix from base coordinate frame to tool coordinate frame is solved as follows:
where R is the 3 × 3 rotation matrix and P is the 3 × 1 position vector. Synthesize (1), (2), and the D-H parameters listed in Table 1 , the position and posture of the holding point can be formulated as follows:
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where sq i and cq i are the abbreviation of sin(q i ) and cos(q i ), respectively. We can draw two conclusions from (3) and (4): first, the rotation matrix of the designed manipulator is only determined by the rotation angles of wrist part (q 6 , q 7 , q 8 , and q 9 ). Second, the position vector of the designed manipulator is only determined by linkage dimensions (a 1 , a 3 , a 4 , a 5 , d 2 , d 3 , d 5 , and d 6 ) and the rotation angles of shoulder and elbow parts (q 1 , q 2 , and q 3 ). That is, the position and orientation of the holding point are decoupled completely and can be adjusted respectively by the position and posture adjusting mechanisms. In contrast with the proposed strategy, the pose of traditional serial master robots depends on all joint angles, which will greatly increase the complexities of analysis and computation. In addition, the master manipulator possesses mutually independent position and orientation adjusting mechanism can provide more comfortable and intuitive operating feeling.
B. INVERSE KINEMATICS ANALYSIS
In the active motion process of master manipulator, the inverse kinematics analysis is used to find the rotation angle of each joint given the position and orientation of the holding point relative to the base frame and the values of all of the geometric link parameters. Suppose the transformation matrix from base coordinate frame to tool coordinate frame is known and can be given as follows:
Since the position and posture of the designed manipulator are mutually independent, the position vector P and the rotation matrix R can be used to solve the joint angles of position adjustment mechanism (q 1 , q 2 , and q 3 ) and posture adjusting mechanism (q 6 , q 7 , q 8 , and q 9 ), respectively. After combining (4) and (5), 3 equalities can be obtained to solve 3 unknown parameters (q 1 , q 2 , and q 3 ).
According to (8) , q 3 can be solved as:
where q imin and q imax are the minimum and maximum value of q i , respectively. Squaring both sides of (6) and (7), then add the results together, we get.
According to (10) and the properties of trigonometric function, the equation for q 1 can be derived as:
Then the value of q 1 can be given by (12) and (13).
Combining (6), (7) , and deriving the expressions s(q 1 +q 2 ) and c(q 1 + q 2 ), we can get (14) .
Then q 2 can be derived as follows:
At this point, the joint angles of the position adjusting mechanism are obtained. Based on the analysis above, the orientation of the designed manipulator has no connection with the shoulder and elbow parts. So, the posture of the holding point can also be expressed as:
Multiplying both sides of (16) by ( 6 7 R) −1 × ( 0 6 R) −1 , we can obtain (17) .
Expanding both sides of (17), we can obtain.
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According to (18) and the properties of trigonometric function, the following equation can be formulated as:
(sq 8 sq 9 )sq 9 + (cq 9 sq 8 )cq 9 = sq 8
According to (18) and (19), the following equation can be formulated as: 
Then q 6 can be derived as follows:
Multiplying both sides of (16) by ( 0 6 R) −1 , we can obtain (22) .
Expanding both sides of (22), we can obtain (23) . 
According to (23) , the following equation can be formulated as:
, tan(q 9 ) = ( 6 7 R 7 8 R 8 9 R)(2, 1)
Then q 7 , q 8 , and q 9 can be derived as follows: q 7 = arctan( a z a x cq 6 + a y sq 6 ), q 7 ∈ [q 7min , q 7max ] , q 8 = arctan( a x sq 6 cq 7 − a y cq 6 cq 7
−a x cq 6 − a y sq 6 ), q 8 ∈ [q 8min , q 8max ] ,
So far, all the joint angles of the designed master manipulator are obtained. Based on the analysis above, we can know that the proposed strategy can simplify calculation and analysis process of inverse kinematics.
C. JACOBIAN ANALYSIS
Jacobian matrix is one of the important parameters of robots, which can describe the relationship between the velocity in Cartesian space and the velocity in joint space. Differentiation with respect to time of the results of forward kinematics analysis yields a set of equations of the form.
where v 3×1 and w 3×1 are the linear velocity vector and angular velocity vector in Cartesian space, respectively;q is an n dimensional vector composed of the joint rates; J (q) is a 6 × n matrix which called the Jacobian matrix. The differential transform method is used to solve the closed-form expression of the Jacobian matrix. Suppose n = n x , n y , n z , o = o x , o y , o z , a = a x , a y , a z , and p = p x , p y , p z are 4 column vectors of n i T , which is the transformation matrix from the i-th coordinate frame to tool coordinate frame. Then the i-th column vector of the Jacobian matrix relative to the tool frame can be derived as:
Based on the transformation relation between the base frame and the tool frame, the Jacobian matrix relative to the base frame can be derived as:
According to (26) , (28) , and the designed mechanism of the master manipulator, the velocity of the holding point relative to the base coordinate frame can be expressed as follows:
However, the joint angles q 4 and q 5 are the auxiliary variables, which cannot reflect the motion of the proposed manipulator. Based on the characteristics of the designed mechanism, we can know that q 4 = −q 3 and q 5 = −q 1 − q 2 , that is,q 4 = −q 3 andq 5 = −q 1 −q 2 . So, the Jacobian matrix relative to the base frame can be modified and (29) can be changed into the following expression.
where J (q) is 6 × 7 matrix which denotes the modified Jacobian matrix relative to the base frame. According to the above analysis, the following equation can be obtained.
From (32), (33) , and (34), we can know that the linear velocity vector only depends on the position adjusting mechanism and the angular velocity vector only depends on the posture adjusting mechanism, which is consistent with the design goal.
IV. OPTIMIZATION OF DESIGN PARAMETERS
One of the important issues for designing the master manipulator used in surgical robots is optimizing the design parameters which will influence the operation performance. The transmission scheme and DOFs configuration of the proposed manipulator are determined by the application to be carried out and the optimized object of the designed haptic device is the link length. In this section, kinematic performances, positioning accuracy, and structure length utilization ratio are considered comprehensively in the proposed optimization index. A modified PSO with a penalty term (PTPSO) is designed to find the appropriate link lengths of the master manipulator. The optimized results are compared with the arbitrary design parameters to verify optimization effects.
A. OPTIMIZATION INDEX DESIGN
As is known, dexterity is one of the key performance indices for surgical haptic device. The performance index able to measure the dexterity can be defined as follows:
where k is the condition number of the Jacobian matrix; σ max (J ) and σ min (J ) are the maximum singular value and minimum singular value of the Jacobian matrix, respectively. The analytic expression of k is derived in the Appendix.
Since k is a local performance index which can only reflect the isotropic of motion transmission at a certain location, a strategy able to measure the dexterity throughout the entire workspace would be preferable. The global conditioning index (GCI) is meant to assess the distribution of the aforementioned condition number over the whole workspace [31] . The GCI defined as (36) gives the overall situation of dexterity and can be used as global performance evaluation index for the master manipulator.
where W is a workspace defined in the Cartesian coordinate system. The smaller the k is, the smaller error magnification of the motion transmission due to the kinematic and static transformations between the joint and Cartesian spaces is. That is, the value of GCI should be positively correlated with the kinematic performances of mechanism. However, GCI is the average of global performance which cannot reflect the fluctuation situation of dexterity over the workspace [23] . When the variance of operating performance index is large, there will be some areas of the workspace with poor dexterity. So, the global conditioning mean square error index (GCSEI) defined as (37) is also introduced as the evaluation criteria for avoiding the performance deficiencies.
GCSEI assesses the rangeability of motion transmission performance over the workspace by means of variance analysis method. The smaller the GCSEI is, the more consistent the dexterity performance is. In order to comprehensively evaluate the kinematic performances of mechanism, the optimization index should include both GCI and GCSEI. In this paper, the fitness function for evaluating the kinematic performances of mechanism can be expressed as follows:
where f k is the fitness function for the kinematic performances of haptic device. Based on the above analysis, the smaller the f k is, the better overall performance of the mechanism we can get. The motor and planet gear speed reducer are integrated in each rotating joint to improve the output torque. However, the planet gear speed reducer has a larger backlash, which will increase the nonlinearity of motion, and then increase the positioning error. Since the master manipulator needs to actively adjust its position and posture during the operation for rebuilding the master-slave mapping and homing, the movement accuracy of the holding point in Cartesian space can have significant effects on the quality and precision of RMIS. The effects of backlash on positioning accuracy can be obtained based on the link lengths, backlash size and forward kinematics. For comprehensively evaluating the positioning performance of the master manipulator in global scope, the global precision index (GPI) is employed in this paper. In order to describe the motion precision quantitatively, the minimum positioning error of holding point at a certain location can be defined as follows:
where e max is the defined minimum positioning error; (x e , y e , z e ) represents the expected position coordinates of holding point and (x p , y p , z p ) represents the possible position coordinates of holding point under the influence of backlash. The definition of GPI is similar to GCI and can be expressed as follows:
GPI is analyzed for assessing the positioning performance of the designed manipulator. The fitness function for the kinematic accuracy of mechanism is defined as follows:
where f p is the fitness function for the motion precision of the proposed manipulator. By reducing f p we can improve the localization accuracy of the designed master manipulator. For a master device of the robot-assisted surgery system, its reachable workspace volume should be maximal. However, if the workspace volume is used as optimization criterion directly, the optimization result will maximize the link lengths of mechanism. Therefore, both the reachable workspace volume and the dimensions of links should be considered as the components of the optimization index. The structure length utilization factor defined as (42) is the ratio of the cube root of the reachable workspace volume to the link length sum of the robot manipulator.
where f l is the fitness function for the structure length utilization factor of mechanism; V is the workspace volume of the proposed manipulator; L is the sum of link lengths of mechanism. A smaller value of f l indicates a better utilization of structure length. So far, we have introduced all the concerned factors and the corresponding evaluation indexes we want to consider in designing the optimization method. And because of the special application scenarios of RMIS, the kinematic characteristics and the volume of reachable workspace turn out to be more important for the proposed manipulator. Therefore, when considering the overall optimization function, the weights of f k , f p , and f l are chosen to be 4, 2, and 1, respectively. As such, the overall fitness function that takes f k , f p , and f l into account can be formulated as follows:
where f is the overall fitness function of mechanism optimization; f kmin , f pmin , and f lmin are the minimum values of f k , f p , and f l , respectively; f kmax , f pmax , and f lmax are the maximum values of f k , f p , and f l , respectively.
B. IMPROVED PARTICLE SWARM OPTIMIZATION ALGORITHM DESIGN
After the overall fitness function f is determined, a global PSO algorithm that takes f as the optimization goal is designed in search of the appropriate link lengths. Although the basic PSO has been widely used for searching the optimal parameters, its capability in global searching still needs to be improved for avoiding premature convergence. Existing researches mainly improve the searching performance of the basic PSO by using constriction factor [32] , time varying nonlinear inertia weight [33] , time varying linear inertia weight [34] , [35] , dynamic adaptation [36] , and random inertia weight [37] . We can assume that the number of particles is M , the number of iterations is T and the dimensionality of search space is D in the basic PSO model. Then the d-th dimensional position and velocity of the i-th particle in the t-th iteration can be respectively defined as x t id and v t id . Where i = 1, 2, 3, · · · , M , t = 1, 2, 3, · · · , T , and d = 1, 2, 3,
where v max is a problem-dependent constant defined in order to clamp the excessive roaming of particles. The velocity and position updating rule of each particle can be given by:
where w 0 is defined as the inertia weight factor; c 1 and c 2 are the acceleration coefficients; r 1 and r 2 are two independent random numbers uniformly distributed in the range of [0, 1]; p t id is the best previous position along the d-th dimension of the i-th particle in the t-th iteration; g t d is the best previous position among all the particles along the d-th dimension in the t-th iteration. From (44) and (45), we can know that all the particles follow the best solution obtained in the search process, which will lead the particles converge to a certain position and lose the diversity of population quickly. The improved PSO (IPSO) should satisfy the following requirements for enhancing the comprehensive performance of the basic PSO.
(1) The IPSO should have strong abilities both in terms of global searching and local searching.
(2) The IPSO should not introduce too many extra hyperparameters needed to be set.
(3) The IPSO should be intuitive enough and easy to adjust.
(4) The IPSO should be suitable for solving different optimization problems.
As we all know that the excessively concentrated particle swarm is easy to be trapped in local optima due to the particles are similar to each other. So the basic PSO should be improved to avoid the excessive aggregation of particles without influencing the local convergence speed. According to the above analysis, we proposed an IPSO algorithm with a penalty term (PTPSO) to achieve a trade-off between exploration and exploitation abilities in this paper. The designed penalty term can dynamically adjust the updating velocity of particles in terms of the aggregation degree of particle swarm. In order to introduce the definition of penalty term, the distance between the i-th particle and the position of the current optimal solution in the t-th iteration is expressed as follows:
where d t i is the Euclidean distance between the i-th particle and the position of the current optimal solution in the t-th iteration. For measuring the gathering degree of particle swarm, the density of aggregation defined as (47) is proposed.
where ρ t is the defined aggregation density of particle swarm; 0 < γ < 1 is the proportionality factor; d max is the maximum straight-line distance in the searching space depended on the optimization problem. γ d max denotes the distance threshold that can reflect whether the particles are congregating around the current optimal particle. In order not to affect the performance when the particle swarm searching normally, the value of penalty term needs to be smaller when ρ t is less than a certain threshold and it needs to increase dramatically when ρ t is greater than this threshold. The adaptive punish coefficient is defined as follows:
where p c is the coefficient of penalty term; a > 1 is the factor used for adjusting the curve shape of p c ; ρ c is the critical value of aggregation density. From (48) we can know that the value of p c is equal to 0 when ρ t is equal to 0, and the value of p c is equal to 1 when ρ t is equal to ρ c . Fig. 9 shows the relationship between p c and ρ t when a and ρ c take different values. It can be seen form Fig. 9 that the penalty term can hardly change the motion of particles when the particles are relatively dispersive and the effects of penalty term on the updating velocity of particles are powerful when the particles are excessively aggregated. In addition, according to the definition of (47), a higher γ indicates that the threshold of gathering condition is more easily to be satisfied. Therefore, the value of penalty term should decrease with increasing γ . Based on the above analysis, the velocity and position updating rule of IPSO can be formulated as follows: where r 3 is the independent random number uniformly distributed in the range of [0, 1]. We can learn form (49) that the proposed IPSO algorithm is sample in structure and can dynamically adjust the motion of each particle after the parameters γ , a and ρ c are determined. The added hyperparameters are well-defined, intuitive and easy to be set. In order to evaluate the proposed PTPSO algorithm, four non-linear benchmark functions are used here. The detailed information of the test problems are given in Table 2 . In this section, the proposed strategy is compared with some PSO variants studied in the relevant literatures and Table 3 shows the summary of modified PSO algorithms analyzed in this paper. For each minimization test problem shown in Table 2 , x * is the best solution to the test problem and f (x * ) denotes the corresponding optimum fitness value for that function. Table 3 shows the differences between the PSO variants analyzed in this paper and the basic PSO and the relevant parameter values of each algorithm. In order to investigate the performance of the optimization algorithms, the strategies listed in Table 3 are used to search the optimal solutions of benchmark functions in the Table 2 . For all the optimization algorithms mentioned above, the number of particles (M ) is 50 and the number of iterations for each run (T ) is 1000. Other parameters of the optimization algorithms are shown in Table 3 . All the optimization algorithms are simulated on the same computer and software. The optimization results for each algorithm on each benchmark function are analyzed in this paper. Fig. 10 shows the means and the standard deviations of the benchmark function values found in 100 runs. Note that the calculation results of the proposed scheme in Fig. 10(d) are magnified 20 times for comparing the performance of different strategies more clearly. It can be seen form Fig. 10 that the optimized results of PTPSO algorithm (p 3 ) have smaller means and standard deviations than other PSO variants introduced in this paper, which indicates that the proposed strategy has more stable and powerful searching performance. By setting the parameters γ , a, and ρ c properly, the proposed PTPSO is suitable for solving different optimization problems. In this paper, the optimization algorithms are considered to have converged when the change of fitness value is less than 10 −6 . The number of iterations when the algorithms achieve convergence is analyzed and Fig. 11 shows the means and the standard deviations of the iterations found in 100 runs. Fig. 11 shows that the modified PSO algorithm p 2 has better convergence performance, which also is verified by [32] . However, the global searching ability of p 2 is not fully utilized and the fitness values found by p 2 have higher means and standard deviations. The proposed improved strategy is equivalent to add the designed penalty term on p 2 , which can balance the local and global search capabilities and improve the comprehensive performance of optimization algorithm. Compared with p 2 , the proposed scheme (p 3 ) needs more iterations to achieve convergence but can get better optimization results. During the course of the experiments, it was also found that the searching advantages of the proposed PTPSO become more obvious when the searching space and dimensions of test problems are greater. According to the analysis above, the proposed strategy has excellent performance and can be used for solving the mechanism optimization problem of designed master manipulator.
C. MECHANISM OPTIMIZATION RESULTS ANALYSIS
In this section, the dimensions of links are optimized based on the proposed optimization index by utilizing the PTPSO algorithm. Among all the linkage dimensions, a 4 , a 5 , d 2 , d 5 , and d 6 are limited by the structural requirements of the proposed master manipulator and have small variation range. In addition, we can know that the Jacobian matrix of the proposed mechanism has no connection with a 5 , d 2 , d 5 , and d 6 from (33) and (34) . So, a 1 , a 3 , and d 3 are optimized in this paper to improve the comprehensive performance of the designed master device. Other parameters can be initialized reasonably based on their range in the beginning of design. Table 4 shows the basic information of the fitness function and optimization algorithm. Based on the basic information shown in Table 4 , the fitness function f was optimized by utilizing the proposed PTPSO algorithm to search the optimal linkage dimension. Then the optimized results were analyzed and the iterative process of f is shown in Fig. 12 (a) and the iterative processes of f k , f l , and f p are shown in Fig. 12(b) .
From Fig. 12 , we can know that the fitness value of f decreases with iterating and converges within 20 iterations. The kinematic performances, link utilization and motion precision are improved after optimizing. As shown in Fig. 12(a) , a 1 = 285.997, a 3 = 280.933, and d 3 = 130.030 at the first iteration and a 1 = 324.238, a 3 = 317.076, and d 3 = 50.000 at the last iteration. In order to verify the effectiveness of the proposed strategy and evaluate the effects of optimization, the overall performances of mechanism at the initial and final iteration are compared. Since the distribution of conditional number in workspace can reflect the dexterity of mechanism and the reachable position lies on the lengths of links and the joint angles of position adjustment mechanism (q 1 , q 2 , and q 3 ), the reciprocals of conditional numbers (1/k) under different joint angles as shown in Fig. 13 are analyzed to evaluate the optimization results. In the each process of analysis, one certain joint angle is fixed and the optimization results of the initial and final iteration are compared.
The distribution maps shown in Fig. 13 point out that the reciprocals of conditional numbers at the initial iteration are lower than the reciprocals of conditional numbers at the final iteration, which indicates that the optimized mechanism has better isotropy and operability. Similar to the analysis above, the motion precision performances of mechanism at the initial and final iteration are studied in Fig. 14. Note that e max shown in Fig. 14 denotes the maximum positioning under the influence of backlash. From Fig. 14, we can know that the manipulator has higher positioning error at the initial iteration, which verifies the optimization process can improve the kinematic accuracy of mechanism effectively. In order to evaluate the structure length utilization factor of mechanism with different link dimensions, the reachable workspace volumes at the initial and final iteration are compared. Fig. 15 shows the shape and volume of the reachable workspace and the sum of link lengths of these two mechanism settings, respectively.
From Fig. 15 , we can know that the reachable workspace and the sum of link lengths are 1.6948 × 10 8 mm 3 and 696.960 mm respectively at the initial iteration and 1.9535 × 10 8 mm 3 and 691.314 mm respectively at the final iteration. That is, the optimized mechanism can achieve larger workspace with smaller link lengths and has higher utilization of structure length. Based on the above analysis, the dimension parameters of the proposed master manipulator can be determined. Among these parameters, a 1 , a 3 , and d 3 can be determined according to the optimization results, a 4 , a 5 , d 2 , d 5 , and d 6 can be determined by the structural constraints and the manual operation 
requirements of the master manipulator. According to the demands of processing, assembling, and actual operation, the value range of a 4 , a 5 , d 2 , d 5 , and d 6 are determined and shown in Table 5 . Synthesizing Table 1 , Table 5 , and the optimization results, all D-H parameters of the designed manipulator are determined. Theoretic analysis and simulation results indicate that the comprehensive performances of the designed manipulator can be enhanced significantly by applying the proposed optimization index and the PTPSO algorithm. 
V. DISCUSSION
In this paper, a novel 9 DOFs master manipulator is designed and optimized for the applications of the laparoscopic surgical robots. For most of the traditional serial manipulators, the inherent mechanical characteristics can bring about coupled phenomenon between the position and posture of the holding point (as shown in Fig. 3) , which may to a certain extent affect the comfort and intuition level of the surgeon's operation. Meanwhile, all the rotational joints of the proposed manipulator are active and the wire transmission and gear transmission are both employed for strengthening the output torque of the elbow pitch joint (as shown in Fig. 4 and Fig. 5 ). In the section III, the forward kinematics, inverse kinematics, and Jacobian matrix of the proposed manipulator are derived and analyzed. The results of kinematics analysis indicate that the position and posture of the holding point are mutually independent, which verifies the rationality and validity of the manipulator mechanism design. In order to study the performances of the designed master device comprehensively, an optimization index which considers the kinematic performances, motion precision, and structure length utilization of the mechanism is proposed in the section IV. An improved PSO with a penalty term is presented for enhancing the searching performances of the optimization algorithm. We also compared the proposed PTPSO algorithm with other PSO variants and Fig. 10 shows that the proposed PTPSO algorithm can obtain smaller means and standard deviations of the fitness functions. To finally verify the optimization performance of the proposed method, we take a 1 , a 3 , and d 3 as the optimized objective and Fig. 12 shows that the fitness value of the proposed optimization index decreases rapidly from the beginning and converges within 20 iterations. By extracting the link dimensions after the first and final optimization iteration (which is a 1 = 285.997, a 3 = 280.933, and d 3 = 130.030 and a 1 = 324.238, a 3 = 317.076, and d 3 = 50.000, respectively) as two different mechanism settings, several contrast experiments were also carried out for detailed comparison in terms of the dexterity, positional accuracy and structure length utilization of the mechanism (As shown in Fig. 13, Fig. 14, and Fig. 15 , respectively).
In future research, we will analyze and optimize the proposed manipulator further. The missing parts of in this research will be studied. In addition, we will try to design a slave robot for the robot-assisted surgery systems and research the master-slave control algorithm.
VI. CONCLUSION
In this paper, a novel haptic master manipulator applied to the laparoscopic surgical robots is introduced along with its mechanism design and optimization method. The proposed master manipulator has larger workspace volume and better flexibility than parallel and serial-parallel hybrid mechanisms. To eliminate the coupled motion exists in the mechanism, the parallelogram mechanism and the position compensation mechanism are both adopted in the designed manipulator, through which the position and posture of the holding point can be decoupled completely. Wire transmission and gear reducer are both employed to avoid the extra volume and friction torque increment of the transmission mechanism. The derived kinematics solutions show that the proposed strategy could significantly reduce the computational complexities along the kinematics analysis. To better optimize the mechanical settings of the proposed manipulator, a mechanism optimization index that considers the global kinematic performances, global positioning accuracy, and structure length utilization is proposed along with an improved PSO algorithm that contains a penalty term (PTPSO). Results of the comparative experiments between the PTPSO algorithm and other PSO variants have shown that the proposed strategy can balance the local and global search capabilities and improve the performance of the optimization algorithm synthetically. Finally, the dimensions of links are optimized based on the proposed optimization index by utilizing the PTPSO algorithm and additional contrast experiments have demonstrated that the kinematic performances, movement precision and structure length utilization of the mechanism are actually improved after applying the optimization method. 
